Summary Racial/ethnic differences were observed in age at peak bone density and their correlates, with whites peaking at least 5 years earlier at the femoral neck than black and Hispanic women. Race-specific standards generated in this study could be useful when interpreting bone densitometry data in young women. Introduction The influence of race/ethnicity on bone measurements has not been widely examined. This study identifies age and amount of bone accumulated at peak density and their correlates by race/ethnicity. Methods Bone mineral content (BMC) and bone mineral density (BMD) of the spine and femoral neck were measured by dual X-ray absorptiometry in 708 white, black, and Hispanic reproductive-aged women. Racespecific nonlinear models were used to describe the relationship between age and bone measurements, after adjusting for body weight and height. Log-transformed bone measurements were used to determine predictors based on multiple linear regression. Results Predictors, which were race and site specific, included age, age at menarche, body weight, height, months of depot medroxyprogesterone acetate use, weight-bearing exercise, and alcohol use. Women of all races gained BMC and BMD at the spine up to 30-33 years of age. BMC and BMD of the femoral neck peaked among white women earlier (≤16 years) than among blacks (BMC 22 years; BMD 21 years) and Hispanics (BMC 29 years; BMD 20 years). Conclusion Age at peak bone mass and its correlates differ by race/ethnicity. Race-specific standards generated in this study could be useful when interpreting bone densitometry data in young women.
Introduction
Osteoporosis is a serious public health problem that is responsible for approximately 1.5 million fractures in the US each year [1] . One of the main determinants of who develops this disease is the amount of bone accumulated at peak bone density. There is poor agreement, however, on when peak bone density occurs. For women, a number of investigators have suggested that bone density peaks within a few years of menarche, while others have observed small, but significant, increases as late as the fourth decade of life [2] . Most recent studies have observed a peak in bone mineral density (BMD) among women during the teenage years [3, 4] .
A significant limitation of almost all studies on peak bone density is that most have been conducted on white women only [2, [4] [5] [6] [7] . This is a serious omission in the literature as racial differences in BMD have been demonstrated in a few studies [8] [9] [10] . Bone density data for Hispanic women are particularly sparse. A few multiracial studies have included Hispanic subjects who could not be evaluated separately because they were merged with other races into "nonwhite" or "nonblack" categories [8] . One study on 230 Asian, Hispanic, black, and white females 9-25 years of age, which did contain enough Hispanic women to analyze as a separate group, observed that total hip, spine, and whole-body BMD all reached a plateau during the teenage years (14.1, 15.7, and 16.4 years of age, respectively) [11] . Blacks and Asians reached this plateau earlier than whites and Hispanics, demonstrating that racial differences in the timing of peak BMD may occur. This well-conducted study, however, did not evaluate whether racial/ethnic differences may have resulted from differences in weight and height, even though blacks and Hispanics had a greater body mass index (BMI) than the whites and Asians in the cohort. Given the known relationship between BMD and body weight, this question warrants further investigation. Furthermore, data on correlates of bone mineral content (BMC) or BMD in minority women are sparse and need to be investigated [12, 13] .
The purpose of this study was to determine if correlates of BMC/BMD and age at peak differ by race among a sample of reproductive-aged white, black, and Hispanic women.
Materials and methods
Healthy, reproductive-aged non-Hispanic black, nonHispanic white, and Hispanic women, 16-33 years of age, who participated in a prospective study of the effect of hormonal contraception on bone mineral density between October 9, 2001 and September 14, 2004 , were included in this investigation. Women were excluded from participation if they weighed >300 lb (due to safety limitations of the dual-energy X-ray absorptiometry (DXA) machine), were not eligible to receive hormonal contraceptive containing estrogen, wished to become pregnant in ≤3 years, had received depot medroxyprogesterone acetate or oral contraceptive pills in the last 3 months, had used medications or had a medical condition known to affect BMD, or had a dietary intake known or suspected to be high in isoflavones. In addition, women with abnormal serum levels of vitamin D, parathyroid or thyroid hormone, or liver function tests were excluded as these medical conditions may affect BMD. A total of 805 women out of 2,999 women who responded to advertisements agreed to participate. Of these, 708 women met all eligibility criteria and were included in the current analyses. Written informed consent was obtained from all participants and parental consent was obtained for those <18 years of age. All participants received free well-woman care during participation in the study and were compensated for their time and travel to the clinic. The study received approval from the Institutional Review Board at the University of Texas Medical Branch at Galveston.
In the present analyses, we included data collected for weight, height, current age, age at menarche, daily calcium intake, tobacco and alcohol use, and participation in weight-bearing physical activities using information collected in the clinic on the day of the study visit. Body weight was measured with women wearing light indoor clothing using a digital scale accurate to the nearest 0.1 kg. Height was measured using a wall-mounted stadiometer (Heightronic, Snoqualmie, WA, USA) accurate to the nearest 0.001 m. BMI was calculated as weight (kg) divided by the square of the height (m). Daily calcium intake (in milligram) was assessed in an interview conducted by a registered dietician who administered a 40-item calcium checklist [14] . To determine smoking status, use of tobacco was measured using questions from the MONICA Smoking Assessment [15] . Current smokers were those who reported either regular or occasional smoking, while nonsmokers were those women who currently do not smoke although they could have smoked in the past. Alcohol use was calculated from questions on the Diet History Questionnaire regarding how often subjects drank alcohol (either beer, wine or wine coolers, or liquor or mixed drinks) during the past 12 months and the amount usually consumed when drinking [16] .
Weight-bearing physical activity was taken from a measure that included a list of 56 common activities, and questions on the frequency and duration of up to two physical activities performed during the past month. Kolle and colleagues have reported that the total number of minutes per week devoted to weight-bearing exercise(s) should include a medium (121-234 min) to high (235 min or more) level in order to positively impact BMD levels in reproductive-aged women [17] . Based on their findings, we categorized weight-bearing exercise into two groups including no exercise to light exercise (≤120 min/week) versus medium to high levels of exercise (≥121 min/week).
Bone densitometry was conducted using DXA (Hologic QDR 4500W Elite fan-beam densitometer). Long-term accuracy of the instrument was assessed through the use of a phantom spine calibrated daily prior to the scanning of participants. The in vitro coefficient of variation of this machine calculated on a spine phantom was 0.27%. All scanning and analyses were conducted by certified radiologic technologists using a standardized protocol recommended by the International Society for Clinical Densitometry. The same technologist scanned 78% of the subjects; two additional technologists scanned the remaining 19% and 3% of the subjects, respectively. To evaluate the reproducibility, the in vivo coefficient of variation was obtained by scanning 30 healthy women twice in the same day by the same technologist as has been recommended [18, 19] . The site-specific coefficient of variation was 0.55% for the lumbar spine, 0.78% for the hip, 1.95% for the femoral neck, 4.83% for the spine bone mineral apparent density (BMAD), and 5.63% for the femoral neck BMAD.
Densitometry measurements included BMD (g/cm 2 ) measured at the lumbar spine (L1-L4) and total hip (Ward's triangle, greater trochanter, intertrochanter, and femoral neck) of the left hip. Hip data are presented separately for the femoral neck, as this particular site is highly predictive of hip fracture [20] . Calculations for BMD (BMD=BMC [g]/projected area of the bone [cm 2 ]) have been shown to be influenced by bone size as they are based on two of three dimensions of bones (length and width without depth). To address this issue, we also calculated spine BMAD (g/cm 3 ), which is an approximation of the volumetric density of bone estimated from the BMC and the projected area of the bone (A) using the formula described by Carter et al. ) [21] . In this formula, the volume of the measured spine is approximated by A 3/2 . We also calculated BMAD of the femoral neck by applying a formula developed by Katzman et al: femoral neck BMAD=BMC/ A 2 [22] . Estimates of total fat mass (g), percent fat mass, and lean mass (g) were generated from DXA scans of the whole body.
Statistical analysis
One-way analysis of variance with Bonferroni corrections for continuous variables and chi-squared tests for categorical variables were used to compare the three race/ethnic groups. We used multiple linear regression techniques to explore the relationship between the dependent variable (BMC, BMD, or BMAD) and the set of independent variables (age, age at menarche, race/ethnicity, weight, height, parity, months of DMPA/pill use, smoking, alcohol use, weight-bearing exercise, and calcium intake). The skewness-kurtosis test and ladder of powers were used to determine whether the dependent variable should be transformed and to identify the transformation. First, a model with all races/ethnicities was tried with main effects and interaction terms. If the interaction term between race/ ethnicity and any of the two major variables (weight or height) was significant, three race-specific models were built. We used the same nonlinear models [β 0 e L /(1+e L )] used by others [5, 23] to estimate the age at peak BMC/BMD, where L is the linear function of the explanatory variables (age, height, and weight). BMC/BMD/BMAD values adjusted by the nonlinear regression model were used to estimate the age at peak bone mineral content/density. Additional robust nonparametric smoothing techniques were used to provide the estimate as a function of age [24] . In this method, a weighted linear regression is run on the points surrounding the one of interest and the predicted value is obtained. A separate model was used for each race/ethnicity. The models were fit using the STATA's nl module (version 9, Stata Corporation, College Station, TX, USA).
Results
A total of 708 white, black, and Hispanic women with a mean age of 24.3 years were included. Chronological age, age at menarche, percent body fat, alcohol use, and weightbearing exercise did not differ among the three racial/ethnic groups (Table 1) . However, black women were more likely to have higher values for body weight, BMI, lean mass, fat mass, months of prior DMPA use, and BMC/BMD/BMAD (except spine BMC) relative to white and Hispanic women. On the other hand, white and Hispanic women were more likely to be currently married, have a history of lactation, and have close relatives with a history of height loss and broken bones compared to black women. White women were more likely to be current smokers and had the lowest BMI, spine and femoral neck BMAD, and parity. BMC, BMD, and BMAD were transformed to natural logarithms (ln) for analysis. Since there were significant interactions between the main explanatory variables of weight/height and BMC/BMD/BMAD, separate multiple linear regression models for each race were performed. A multiple linear regression model with logarithms of spine BMC [ln(SBMC)] as the dependent variable showed significant relationships with height and months of prior DMPA use among black women ( Table 2 ). A similar model with logarithms of femoral neck BMC [ln(FNBMC)] as the dependent variable also identified weight as a predictor. Predictors of ln(SBMC) and ln(FNBMC) among white women were age and height, and age, weight, height, and amount of weight-bearing exercise, respectively. The predictors among Hispanic women for ln(SBMC) were age at menarche, weight, and height, and for ln(FNBMC) weight, height, and alcohol use.
There were more statistically significant predictors of BMD than for BMC, especially among black women (Table 3) . Among this group, age, age at menarche, weight, height, and months of prior DMPA use were all predictors of ln(SBMD). Among white women, only weight reached significance for ln(SBMD) while age at menarche and weight were predictors for Hispanics. Two predictors (age and weight) of ln(FNBMD) were common in all races. In addition, months of prior DMPA use in black women, weight-bearing exercise in white women, and alcohol use in Hispanic women were predictive.
The predictors of ln(SBMAD) and ln(SBMD) were similar in all race/ethnic groups. However, DMPA use in blacks, age in whites, and alcohol use in Hispanics were not significant predictors of ln(FNBMAD) while they were Dependent variable was log-transformed to achieve normal distribution. Separate multiple regression model was used for spine and femoral neck BMD DMPA depot medroxyprogesterone acetate significant for respective ln(FNBMD) models. Height was not included in any BMAD regression models as it was already adjusted in BMAD calculations. Table 4 and Figs. 1 and 2 show the relationships between age and BMC, BMD, and BMAD by race/ethnicity after adjusting for weight and height using nonlinear equation and smoothing techniques. The R 2 values for different nonlinear regressions ranged from 0.95 to 0.99, which indicates the good fit of the models. Both SBMC and SBMD did not reach an asymptote for blacks and Hispanics and continued to increase with age. Whites' SBMD peaked at the age of 30. FNBMC peaked at the age of 22 among blacks and between 29 and 31 years among Hispanics. The respective peak for FNBMD was 21 and 20 years. However, whites did not gain BMC or BMD at the femoral neck and their values continued to decrease with age. The scenarios for SBMAD and FNBMAD are similar to those of SBMD and FNBMD (Fig. 2) .
Discussion
This is the first study, of which we are aware, to examine BMC/BMD correlates based on race/ethnicity in a single setting. Based on mostly white populations, it has been reported that dietary calcium [25] , physical activity [26, 27] , smoking [27] , alcohol use [27, 28] , age at menarche [29] , early pregnancy [28] , and prolonged breast-feeding [30] can influence peak bone density. We observed that several of these correlates of BMD are site and race specific. For example, age at menarche was significant at the lumbar spine only for blacks and Hispanics. At the femoral neck, weight-bearing exercise was significant only for white women and alcohol use only for Hispanics. Moreover, prior DMPA use was a factor among blacks but not whites or Hispanics at both the lumbar spine and femoral neck. Future studies are needed to confirm that these factors are specific to certain populations so clinicians can provide individualized counseling to women of different racial/ethnic groups.
We also observed that there are racial differences in the timing of peak bone density at the femoral neck. White women included in this study had reached their peak BMC and BMD at this site by age 16. This very young age at peak BMD of the hip is in agreement with prior studies on white populations [4, 31, 32] . Stratification by race/ ethnicity further demonstrated that black and Hispanic women exhibited higher BMC and BMD values than white women at the femoral neck for at least an additional 5 years. Similar to our findings on Hispanic women, peak BMD was noted to occur at the femoral neck between age 20 and 29 years in a sample of 131 Puerto Rican Women [33] . This earlier peak among whites as compared with minority Table 4 Bone mineral density and bone mineral content at lumbar spine and femoral neck by age and race/ethnicity adjusted by weight and height Values in boldface type indicate peak bone mineral content or bone mineral density women may contribute to racial differences in BMD and the increased risk of hip fractures noted among white women after menopause.
We observed the highest spinal BMD values in white women at 30 years of age. In contrast, Lin et al. noted that BMD reached a peak among whites by 23 years of age but that BMC continued to increase during the early thirties [5] . Several exclusion criteria of Lin's study could be responsible for differences in findings between the two studies. For example, Lin excluded some participants who had participated in >2 h/week of exercise and others with calcium intake >1,200 mg/day. Since exercise and calcium intake may be related to BMD, exclusion of these women could have affected their findings. Moreover, women included in Lin's study weighed less on average than those in our study (60 vs 73 kg, respectively). Our findings do mirror those of Henry et al. who observed in a sample of 68 white women that peak volumetric BMD was attained by 29 years of age [6] . We also examined peak values in black and Hispanic women and noted that these women continued to exhibit an increase in spinal BMD values until 33 years of age. However, it should be noted that we did not have data on women over age 33, so we were not able to determine if peak values occurred at 33 years or at a later If minority women continued to increase their BMD after this point, racial differences in the timing of peak values may actually be larger than we observed. Studies on postmenopausal women have shown that Hispanic women are at lower risk of osteoporosis and fractures than whites [34, 35] . One reason suggested for this lower risk among Hispanics is that the BMD of older Hispanic women is greater that that of whites [35, 36] . We observed, however, that white women actually have greater BMD than Hispanics at both the lumbar spine and femoral neck during adolescence. In fact, the greater BMD observed in Hispanic women as compared with whites later in life is not apparent until 29 years of age at the lumbar spine and 20 years of age at the femoral neck. This change is due to an earlier peak and more rapid decline in BMD following their peak BMD among whites. It is most likely the continuation of this trend that places white women at much higher risk of fractures later in life than their Hispanic counterparts. Thus, it appears that one approach to osteoporosis prevention may be to determine why this rapid decline occurs among white women and attempt to slow the process during their reproductive years rather than waiting to intervene once osteoporosis has already occurred.
Similar to the study conducted by Lin et al. [ [26, [41] [42] [43] . A meta-analysis based on mostly crosssectional studies showed a weak correlation coefficient (0.13) [44] . The lack of correlation between bone health and calcium intake may also have resulted from measurement error if women incorrectly reported portion sizes or types of food consumed. Furthermore, the calcium intake of 625 mg/day reported in this population was far below the recommended amount of 1,300 mg/day for those 9-18 years of age and 1,000 mg for those 19-50 years of age [45] , which may not be sufficient to affect bone density. Finally, we assessed current calcium intake, which has been shown to be less predictive of BMC and BMD than that consumed during the teenage years. Future studies that include women of different races/ethnicities are needed to clarify this issue.
This study has several limitations. First, we used crosssectional data to study changes over time, rather than longitudinal data. Investigating patterns of BMD gain and loss over a 15-20- Fig. 2 (continued) on calcium intake, amount of exercise, and age at menarche by retrospective self-report, which is subject to recall bias. Third, errors in recall regarding age at menarche may have affected our calculations of gynecological age. Finally, use of a single site could limit the generalizability of our findings. Most DXA manufacturers use data collected on white females during the National Health and Nutrition Examination Survey III as a reference standard for calculation of the t score. Few data are available on healthy women of reproductive age. This study addresses this gap in the literature by providing data on young women 16-33 years of age from three different racial/ethnic groups. Although standards are machine specific, measurements reported in this study may be useful in the interpretation of bone densitometry data in reproductive-aged women.
These data support the need for education regarding bone health during the early reproductive years. Initial steps may include education in the schools regarding timing of peak bone density and modifiable risk factors. In particular, young white girls and their families should be informed that peak bone density occurs at the hip by early adolescence and that weight-bearing exercise has a positive impact on bone health. By addressing this issue early in life, it may be possible to decrease the number of women affected by osteoporosis and subsequent fractures later in life.
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